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Cane toads, an invasive species in Australia, are resistant
to fungal pathogens affecting frogs worldwide (Batrachochy-
trium dendrobatidis). From toad skin swabs, we detected
higher proportions of bacteria with antifungal properties in
Queensland, where toad and pathogen distributions overlap,
than in other sites. This finding suggests that site-specific
pathogen pressures help shape skin microbial communities.

he westward and southward spread of invasive cane

toads (Rhinella marina) in Australia since their intro-
duction to Queensland in 1935 threatens many native spe-
cies. In addition to their skin-secreted bufotoxins affecting
predators, toads are resistant to the fungal pathogen Batra-
chochytrium dendrobatidis associated with global frog die-
offs, but their capacity to spread the pathogen to other frog
species remains unclear (/,2).

As a skin pathogen, B. dendrobatidis interacts not only
with the host’s immune system, but also with other com-
munity members in the skin microbiome (3). Many bacteria
on frog skin have antifungal properties that can help the
host fight B. dendrobatidis (4), and the presence of bacteria
with anti-B. dendrobatidis capacity may increase a host’s
pathogen resistance. In a previous study about gene expres-
sion in experimentally infected cane toads, their strong re-
sistance to B. dendrobatidis was not attributed to strong im-
mune function (/). Thus, the skin environment, including
microbes inhabiting it, alongside an immediate, localized
immune response, might play a large role in fighting the
pathogen and resisting disease (/).

Invading species are predicted to invest in less cost-
ly immune defenses while decreasing their investment
in costly inflammatory immune responses (5). With the
assumption that skin bacteria are relatively inexpensive
for the host to maintain, we used skin swab samples col-
lected in 2017 to test whether cane toads have increased
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proportions of putative B. dendrobatidis—inhibiting bac-
teria at the invasion front in Australia, consistent with a
previously reported increased investment into low-cost
innate immune functions (6). Alternatively, we predicted
that patterns of B. dendrobatidis—inhibitory bacteria on toad
skin might depend on the current distribution of, and thus
likely exposure to, B. dendrobatidis. Our 4 sampling lo-
cations (8—18 per site; Appendix Figure 1, https://wwwnc.
cdc.gov/ElD/article/25/9/19-0386-App1.pdf) comprised 2
sites overlapping the current B. dendrobatidis distribution
(Queensland) and 2 sites outside the area of threat of chy-
tridiomycosis (Northern Territory and Western Australia).
These 4 sites also represent the toad’s westward expansion;
Western Australian toads were sampled near the invasion
front. Sampling was in accordance with Charles Darwin
University Animal Ethics permit A14012.

We compared bacterial amplicon sequence vari-
ants (sequences available on FigShare, https://doi.
org/10.6084/m9.figshare.7855670) against a database of
known anti-B. dendrobatidis isolates from the skin of
frog species around the world (4). We detected 63 bacte-
rial types with previously described anti—B. dendrobati-
dis function in the wild toad samples in our study. The 4
sampling sites differed in the proportion of total sequenc-
es and bacterial types represented by putative B. dendro-
batidis—inhibitory bacteria, and toads from Queensland
sites had proportionately more of these sequences and
taxa than did toads from other sites (Figure). Some of
the B. dendrobatidis—inhibitory bacteria were extremely
common among our samples (particularly at the Tully
site in Queensland [Appendix]).

Our results indicate that the skin bacterial communi-
ties on toads from sites overlapping the B. dendrobati-
dis distribution contain more putative B. dendrobatidis—
inhibitory bacteria than is the case for toads from sites
not yet invaded by the pathogen. Rather than following
predictions regarding immunocompetence at the invasion
front, this pattern suggests that B. dendrobatidis—inhibi-
tory bacteria are selected for where the disease is present,
in concordance with the adaptive microbiome hypothesis
presented by Jin Song et al. (7). Outside of the B. den-
drobatidis range, selection for anti—B. dendrobatidis mi-
crobes is relaxed; inhibitory microbes represent less of the
community, and some disappear.

In cane toads, juvenile life stages succumb to B. den-
drobatidis, although they have higher survival rates and
better ability to clear an infection than other amphibians
(e.g., 1). The prevalence of bacteria with B. dendrobatidis—
inhibitory capacity on adult cane toads in Queensland sug-
gests that the skin microbiome might confer some of the
resistance to disease in this host species. Although amphib-
ian skin microbiome communities change across ontog-
eny, host species is a strong predictor of skin communities
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across life stages (8). Thus, the communities found on these
adult toads may predict those found on juvenile toads.

Our results could be affected by larger differences in
bacterial community composition that can occur among
sampling sites in cane toads (9) and other frog species (8).
These differences could be due to diverse environmental
microbiota supported by climatic and other abiotic and bi-
otic conditions that change across the landscape.

The detection of B. dendrobatidis—inhibitory microbes
at B. dendrobatidis—naive sites might be misleading. The
presence of a functional gene does not necessarily imply
gene activity (/0). Thus, the approach of ascribing B. den-
drobatidis—inhibitory roles based on presence might be too
simplistic in the absence of direct evidence of B. dendroba-
tidis—inhibitory action, which was outside the scope of this
study. Some of these bacteria may be commonly found on
cane toad skin, regardless of an active function to inhibit B.
dendrobatidis. Nonetheless, the higher frequency of these
bacteria in B. dendrobatidis—exposed locations suggests
that the microbiome on the skin of cane toads is shaped, at
least partly, by natural selection in response to geographic
variation in the degree of threat posed by specific diseases.
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Disease Exposure and Antifungal Bacteria
on Skin of Invasive Cane Toads, Australia

Appendix

Sample Collection and Microbiome Sequencing

In September 2017, cane toads (Rhinella marina) were swabbed for skin-associated
bacteria at 4 sampling sites in Australia: Tully, Queensland (n = 8); Innisfail, Queensland (n =
10); Middle Point, Northern Territory (n = 18); and Marlgu Billabong, Western Australia (n =
18), near the cane toad invasion front (Appendix Figure 1). Free-ranging toads were caught by
hand or net and rinsed with 100 mL 0.45 um high-purity water (1,2) before collecting swab
samples with a sterile synthetic swab (Transwabs, Cat # MW167S; Medical Wire and Equipment
Company, https://www.mwe.co.uk). Swabbing included 30 strokes around the entire toad body,
excluding the cloaca and head, following protocols in Christian et al. (3). Toad handlers wore
new gloves for each swabbed animal. Swab samples were placed on ice in the field before frozen
at —20°C.

DNA was extracted from swab samples using the Norgen’s Swab Collection & DNA
Preservation Kit (Cat # 45681, Norgen Biotek Corp., https://norgenbiotek.com) following the
protocol. Extracted DNA was quantified, and we sent 200 ng of dried DNA to ACE Sequencing
Service at the Australian Centre for Ecogenomics (University of Queensland) for lllumina MiSeq

sequencing (lllumina, https://www.illumina.com).

Sequencing targeted the V4 region of small subunit rDNA using F515/R806 primers (4).
Sequencing was conducted on multiplexed samples, which included additional toad swab
samples and 2 negative controls based on DNA extracted from clean swabs. Sequences were
processed to amplicon sequence variants (ASVs) by ACE with the following pipeline. The
software Trimmomatic was used for sequence quality trimming removing poor quality sequences
with a sliding window of 4 bases and an average base quality >15. All reads were hard trimmed
to 250 bases, and any shorter reads were excluded. Reads were processed to ASVs using the
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QIIME2 workflow with default parameters and the DADAZ algorithm (5,6). Taxonomic
assignment of ASVs was through BLAST+ using the reference database SILVA
(https://www.arb-silva.de). Only ASVs identified as Bacteria were kept. Bacterial ASVs and
associated metadata are available on FigShare: https://doi.org/10.6084/m9.figshare.7855670.

After inspecting rarefaction curves, we subsampled data to the lowest sequence count

(2,744) per toad sample, corresponding with 41 to 311 bacterial types per sample.

We used QIIME2 to compare feature sequences against a database of isolates whose
fungal inhibitory capacity have previously been tested against the fungal pathogen,
Batrachochytrium dendrobatidis (7). The Antifungal Isolates Database contains information on
the amphibian host species the bacterium was isolated from, geographic location where the host
was caught and sampled, fungal-inhibition results, and bacterial taxonomy from UClust (8) and
RDP (9). The database contains information on >1,100 bacterial isolates with capacity for B.

dendrobatidis—inhibition.

We used the “cluster-features-closed-reference” option to identify feature sequences in
our dataset that were at least 99% similar to sequences in the Woodhams et al. database (7).
Resultant data were then separated into B. dendrobatidis—inhibitory and B. dendrobatidis—
enhancing bacteria, and we determined sequence count and richness per sample. Because
negative controls had sequence counts too low to be retained after rarefaction (<600 sequences
each), we compared negative control data against the Woodhams et al. database separately for
qualitative purposes. Lastly, we identified which B. dendrobatidis—inhibitory bacterial types
were present in the majority of samples from each sampling site (often referred to as “core”

microbiome; 87.5% prevalence cutoff).

Statistical Analyses

We used Kruskal-Wallis tests to compare richness and Shannon diversity of the rarefied
microbiome communities to detect inherent differences among the sites. Similar to analyses in
Varela et al. (10), we compared the proportion of total sequences or richness represented by B.
dendrobatidis—inhibitory bacteria using generalized linear models. Inhibitory data were analyzed
using a quasibinomial distribution, with richness proportions weighted for total richness. B.

dendrobatidis—enhancing sequence count data were analyzed using a quasipoisson distribution,
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because the values were small (maximum = 5.3% of sequences) and showed overdispersion.
Tukey’s post-hoc tests were used for pairwise site comparisons using the glht function in the

multcomp R package (11). All analyses were conducted in R v. 3.4.4 (12).

Results

We detected 63 B. dendrobatidis—inhibitory bacterial types in our samples, with 4 to 23
per sample. The negative controls had 2 B. dendrobatidis—inhibitory bacterial types, 1 of which
was not present in our wild toad samples. The second, Stenotrophomonas sp. (Phylum:
Proteobacteria), was present in wild toad samples and was a “core” OTU in Tully samples
(Appendix Table). Known B. dendrobatidis—inhibitory bacteria represented up to 45% of the
total sequences in a sample. Most of the B. dendrobatidis—inhibitory bacteria were originally
isolated from amphibians in Latin America, with additional bacteria from the United States and
Madagascar. Nine were isolated from Litoria spp. of frogs from Queensland, Australia.

From Kruskal-Wallis tests, we did not find significant differences in richness
(% =6.2061, df = 3, p = 0.102) or Shannon’s diversity index (% = 5.242, df = 3, p = 0.1549)

among our sites.

Generalized linear models found significant differences among sites in relative B.
dendrobatidis—inhibitory sequence count and richness: proportion inhibitory sequences,
F@a,50) = 35.34, p<0.0001; proportion inhibitory richness, Fgs0) = 26.24, p<0.0001. From Tukey’s
post hoc tests for pairwise comparisons between sites, toads from Queensland sites had a greater
proportion of sequences and bacterial types represented by B. dendrobatidis—inhibitory bacteria
(Figure).

Of the 63 B. dendrobatidis—inhibitory bacteria in our samples, 14 were in the “core”
microbial community (microbes with 87.5%+ prevalence) of one or more geographic sampling
sites. The Tully site in Queensland had 13 known B. dendrobatidis—inhibitory bacteria in its core
community, which was likely influenced both by the site’s small sample size of 8 and the
presence of chytridiomycosis in the region. The other sites had only 2 to 5 B. dendrobatidis—
inhibitory bacterial types in their core microbiota. Three B. dendrobatidis—inhibitory bacteria
were commonly found on toads from all 4 sites sampled in our study (in >46 of our 54 samples):

Sphingobacterium multivorum (Phylum Bacteroidetes), originally isolated from a Waterfall Frog
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in Queensland; a Microbacteriaceae (Phylum Actinobacteria), originally isolated from an
American Bullfrog in Colorado, USA; and an Enterobacteriaceae (Phylum Proteobacteria),
originally isolated from a Bufo typhonius toad in Panama. The Appendix Table contains a list of
the bacteria found in at least 87.5% of the samples per site.

Our cane toad samples had only 2 B. dendrobatidis—enhancing bacteria from the
Woodhams et al. 2015 database (7), both originally isolated from Panamanian frogs:
Acinetobacter rhizophaerae (Phylum Proteobacteria) and Microbacterium sp. (Phylum
Actinobacteria). B. dendrobatidis—enhancing bacteria represented up to 5% of the total
sequences and richness in a sample. From generalized linear models, sites were found to differ in
proportion of B. dendrobatidis—enhancing sequences (F@350) = 6.08, p = 0.001). Some pairwise
differences were detected between sites, with toads from the Northern Territory having greater
abundance of B. dendrobatidis—enhancing bacteria than toads from both Queensland sites
(Appendix Figure 2). The Woodhams et al. database (7) contains only 58 known B.
dendrobatidis—enhancing isolates, none of which were isolated from Australian species. The
database was compiled to identify bacteria that may aid in the fight against the pandemic frog
chytridiomycosis, and as such, is skewed toward antifungal, and not fungal-enhancing bacteria.
Nevertheless, in the face of this disease, the presence of B. dendrobatidis—enhancing bacteria
representing nearly 5% of the bacteria on a disease-resistant, invasive cane toad’s skin could be
an important consideration when seeking to understand chytridiomycosis on native Australian

frogs.
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Appendix Table. Core Batrachochytrium dendrobatidis—inhibitory bacteria on wild cane toads by sampling site, Australia, 2017*

SamplelD

TULLY,n=8

INN,n=10 NT,n=18 WA, n=18

Region Uclust_taxonomy

Atelopuslimosus-
inhibitory_28

Atelopuslimosus-
inhibitory_64

Bufotyphonius-inhibitory_9

Craugastorcrassidigitus-
inhibitory_109

Craugastorcrassidigitus-
inhibitory_121

Craugastorcrassidigitus-
inhibitory_165

Dendrobatesauratus-
inhibitory_5

Espadaranaprosoblepon-
inhibitory_40

Lithobatescatesbeianus-
inhibitory_37

Litorianannotis-

inhibitory_24

Litorianannotis-
inhibitory_52t

Litoriarheocola-
inhibitory_25

Smiliscasordida-
inhibitory_34

Strabomantisbufoniformis-
inhibitory_11

8 9
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Panama p__Proteobacteria;
¢__Gammaproteobacteria;
o__Pseudomonadales;
f__Moraxellaceae;
g__Acinetobacter; s__
p__Bacteroidetes;
c__Flavobacteriia;
o__Flavobacteriales;
f__[Weeksellaceae];
g__Chryseobacterium; s__
p__Proteobacteria;
c__Gammaproteobacteria;
o__Enterobacteriales;
f__Enterobacteriaceae
p__Proteobacteria;
c__Betaproteobacteria;
o__Burkholderiales;
f__Comamonadaceae;
g__Comamonas;s__
p__Proteobacteria;
c__Gammaproteobacteria;
o__Pseudomonadales;
f__Pseudomonadaceae;
g__Pseudomonas;s__
p__Bacteroidetes;
c__Flavobacteriia;
o__Flavobacteriales;
f__[Weeksellaceae];
g__Wautersiella; s__
p__Proteobacteria;
c__Gammaproteobacteria;
o__Xanthomonadales;
f__Xanthomonadaceae;
g__Stenotrophomonas; s__
p__Proteobacteria;
¢__Gammaproteobacteria;
o__Pseudomonadales;
f__Pseudomonadaceae;
g__Pseudomonas;s__
p__Actinobacteria;
c__Actinobacteria;
0__Actinomycetales;
f__Microbacteriaceae; g__; s

16 Queensla p__Bacteroidetes;
nd c__Sphingobacteriia;
0__Sphingobacteriales;
f__Sphingobacteriaceae;
g__Sphingobacterium;
s__multivorum
Queensla p__Proteobacteria;
nd ¢__Gammaproteobacteria;
0__Xanthomonadales;
f__Xanthomonadaceae;
g__Stenotrophomonas; s__
Queensla p__Proteobacteria;
nd c__Alphaproteobacteria;
0__Sphingomonadales;
f__Sphingomonadaceae;
g__Novosphingobium;s__
p__Proteobacteria;
c__Gammaproteobacteria;
0__Pseudomonadales;
f__Pseudomonadaceae;
g__Pseudomonas
p__Proteobacteria;
¢__Gammaproteobacteria;
o__Aeromonadales;
f__Aeromonadaceae; g_ ;s

Panama

16 Panama

Panama

Panama

17 Panama

Panama

Panama

16 Colorado

Panama

16 Panama



SamplelD TULLY,n=8 INN,n=10 NT,n=18 WA, n=18 Region Uclust_taxonomy

Total B. dendrobatidis— 13 4 2 5
inhibitory in core

*SamplelD denotes the isolate name from the Antifungal Isolates Database. SamplelD includes the frog species from which the bacterium was
originally isolated. Region and Uclust_taxonomy data are from the Woodhams et al. (7) metadata, indicating where in the world the bacterium was
isolated for fungal-inhibition challenge experiments. Toad data are separated by sampling site: INN, Innisfail, QLD; TULLY, Tully, QLD; NT, Middle
Point, NT; WA, Marlgu Billabong, WA. Values indicate the number of samples with the bacterial type, where the bacterium was part of the “core”
community (i.e., blank spaces do not equal zeros).

tBacterium found in negative controls.

N

Middle Point
m (2005)
® .
Marlgu - .Innlsfall (1935)
(2012) N ® Tully (1935)
Westem Northern Queensland
Australia Territory

km
1,200

Appendix Figure 1. Four toad sampling sites in northern Australia with years of invasive toad arrival to

the sites.

Page 7 of 8



A Bd-Enhancing

- 0:00 a a b ab
g [ ]
3 0.05 —
8 004 ] —.:— - @)
{ i
5 003 - :
g ' ——
@002 - S
Q :
= 4
T 0.01 ] e
2 —8— R
0.00 — - —&
B 20  =——@— — — ) C
1.8
()]
® 1.6 —
£
S 1.4 -
(A
1.2
1.0 - — ) —e— — -
C -
0.04 — °
(2] —e-
[7p] 1
2 :
'-S 003 - E @
g —
2 002 -
©
2 T
0.01 — -—

| |
Tully Innisfail
QLD QLD

Appendix Figure 2. Boxplots of proportion of sequences (A), total richness (B), and proportion of
richness (C) represented by Batrachochytrium—enhancing bacteria. Points indicate values for individual
toads. Boxplots indicate the median (thick line), interquartile range (the box), reasonable range of the
data (dashed lines to the whiskers), and outliers. Letters above plots indicate significant differences from
Tukey’s post hoc tests with p<0.05. Bd, .Batrachochytrium dendrobatidis; NT, Northern Territory; QLD,

Queensland; WA, Western Australia.
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